Abstract -Spread F is an ionospheric phenomenon which has been reported and analyzed extensively over equatorial regions on the basis of the Rayleigh-Taylor (R-T) instability. It has also been investigated over midlatitude regions, mostly over the Southern Hemisphere with its generation attributed to the Perkins instability mechanism. Over midlatitudes it has also been correlated with geomagnetic storms through the excitation of travelling ionospheric disturbances (TIDs) and subsequent F region uplifts. The present study deals with the occurrence rate of nighttime spread F events and their diurnal, seasonal and solar cycle variation observed over three stations in the European longitude sector namely Nicosia (geographic Lat: 35
Introduction
After seven decades of extensive research, some irregular behavior of midlatitude ionosphere is still not fully clear to the scientific community. Range or frequency spread of the ionospheric F layer (spread F) is sudden distribution of plasma structures at F-region due to the generation of field aligned irregularities with different scale sizes (Herman, 1966) or the tilted ionospheric surface produced by travelling ionospheric disturbances (TIDs). King (1970) observed spread F development over several midlatitude stations as large scale tilts of the bottomside F layer isodensity contours. He suggested that rather than small scale irregularities, these large tilted patterns are primarily responsible for spread F generation in the nighttime midlatitude ionosphere. Space weather refers to adverse conditions on the Sun, the solar wind, and in the Earth's magnetosphere, the ionosphere, and the thermosphere. One of the important outcomes of a space weather event is related to generation of ionospheric irregularities. Excellent review articles on ionospheric F region irregularities are available (Fejer & Kelley, 1980) . Scattering of signals from these irregularities embedded in the ionosphere are obtained in the form of spread F on radar maps and ionograms (Woodman & La Hoz, 1976; Fejer & Kelley, 1980; Bowman, 1990) . Plasma depletions were first observed by the polar orbiting OGO-6 satellite (Hanson & Sanatani, 1973) . The irregularities, in the form of depletions, manifest as deep bite-outs in in-situ density plots (Kelley et al., 1976; McClure et al., 1977) , and cause scintillations in transionospheric satellite links (Basu & Basu, 1976; Basu & Whitney, 1983) . Airglow observations with allsky cameras establish that the irregularity clouds become narrower with latitude on both sides of the magnetic equator (Weber et al., 1980) . Several studies have been reported in literature devoted to plasma dynamics to determine the origin and the triggering mechanisms of midlatitude spread F (Fejer & Kelley, 1980; Bowman, 1990; Hajkowicz, 2007) . Nevertheless, the role of neutral drivers responsible for plasma instability at nighttime midlatitude ionosphere are still unresolved issues in between sporadic E (Es) layers, TIDs and plasma density irregularities associated with Perkins instability. Perkins (1973) demonstrated the Perkins instability as widely used equilibrium where the nighttime ionospheric spread F is supported by E Â B drifts is unstable if with a supporting eastward field a north-south electric field component exists. The occurrence of nighttime spread F irregularities with various scale sizes (from less than a meter to several kilometers) was first observed by Booker & Wells (1938) . Later, various different instruments such as ground-based ionosondes, coherent and incoherent scatter radars, MU radars, satellite-borne top-side sounders, HF Doppler radars, GNSS satellite receivers and in-situ measurements (Fejer & Kelley, 1980; Basu & Basu, 1985; Kelly, 1989; Fukao et al., 1991; Mathews et al., 2001; Swartz et al., 2002; Chandra et al., 2003; Xiao et al., 2007) were used to reveal the morphological features of spread F occurrence including its long term characteristics such as its dependence on solar activity, diurnal, seasonal and latitude/longitude variations (Rastogi, 1977; Bowman, 1984 Bowman, , 1986 Bowman, , 1988a Bowman, , 1988b Bowman, , 1990 Huang et al., 2011) . These morphological features of spread F still need the attention of the scientific community, as spread F significantly complicates ionospheric predictions.
During daytime, midlatitude plasma distribution is mainly controlled by diffusion, neutral wind shear and strong polarized electric fields. The poleward neutral wind drives the plasma density towards lower altitudes whereas the opposite effects are caused by meridional wind. During nighttime, reduced plasma density limits the interaction with neutral wind, which in turn gives rise to nighttime plasma motion in the F region of midlatitude ionosphere. For different geomagnetic configurations in the midlatitude region, during post sunset hours, the Raleigh-Tailor (R-T) instability is not fully effective, as it was observed in the equatorial region (Rastogi & Klobuchar, 1990) . The Perkins instability has been proposed as an alternative driving mechanism for the formation of midlatitude irregularities (Perkins, 1973) . Kelly (1989) pointed out that plasma instability such as R-T instability might affect spread F development along with the Perkins instability. Huang et al. (1994) have established that for the lower growth rate of Perkins instability due to saturation, the gravity wave plays a major role as a seeding mechanism for the generation of midlatitude nighttime spread F. Also gravity waves enhance the instability growth rate significantly unless limited by third or fourth order nonlinearities. Thus, a seeding of the Perkins instability by gravity waves may be observed, which in turn initiates the plasma instability at midlatitudes. Huang et al. (1994) showed that during post sunset hours, the Perkins instability at the bottom of the F layer could be initiated by gravity waves and develop into large amplitude oscillations. The enhanced amplitude of gravity waves can accelerate the growth rate of the instabilities and induce irregularities in the nighttime midlatitude F layer. The correlation between gravity waves as a driving agent with the nighttime midlatitude spread F were also studied (Xiao et al., 2009) . Earle et al. (2010) suggested that midlatitude spread F development is usually related with wave driven meso-scale (10-100 km) plasma distributions. The signature of TIDs associated with gravity waves could be observed prior to the onset of midlatitude spread F (Bowman, 1990) . Lambert (1988) performed statistical analysis of midlatitude spread F occurrence for two regions of South Africa to investigate the effects of short period TID patterns over nighttime spread F events during a minimum solar activity year. Jayachandran et al. (1987) observed equatorial MS-TIDs during spread F events. They noted a significant fluctuation in the drift velocity component (V Z ) several minutes before the onset of spread F. Haldoupis et al. (2003) studied the occurrence of unstable midlatitude Es layer patches from Crete, Greece (geomagnetic Lat: 37.98°N, Long: 23.73°E geographic: geomagnetic Lat: 34.6°N) and thereby tried to establish a link between midlatitude spread F and Es layer. They suggested the existence of electric field inside the Es layer, which in turn transports plasma density horizontally by means of local neutral winds and high Hall-to-Pederson conductivity ratios at different altitudes of the E region. This locally generated polarized electric field inside the Es layer can simply align the magnetic field lines to the bottom of F region and trigger the instability mechanism of spread F generation. Singleton (1968) had presented the temporal variation of spread F occurrence throughout half a solar cycle over a network of stations (around 36°S to 76°N) over American longitudinal sector. He suggested that during low solar activity, spread F would diffuse towards higher latitudes from lower latitude regions, whereas during high solar activity, high occurrence of spread F events may be observed frequently at higher latitudes. He also observed a clear difference between spread F distribution during low and high solar activity periods in the vicinity of 50°( N and S) latitude. Tsunoda & White (1981) in their empirical study found that large scale wave structures (LSWS) that appear at the bottom of the F layer as isodensity contours of plasma distribution may serve as a precursor for the development of nighttime spread F. McNicol et al. (1956) also spotted some echoes accompanied by spread F events observed below the critical frequency of the F layer during nighttime and they termed these echoes as 'satellite' traces (STs). They characterized these traces with mean lifetime of 50 min at a maximum occurrence rate during winter from Brisbane (Lat: 27.5°S, Lon: 153°E geographic; magnetic dip. 35.1°S). However the most advanced sensors used for detecting irregular plasma distributions are not able to identify LSWS due to their spatial structure and insignificant zonal drifts (Tsunoda & White, 1981) . Most suitable data, from which the distinct features of LSWS could be tracked, are obtained from incoherent-scatter radars with a steerable beam (ALTAIR) (Tsunoda & White, 1981) , or from coherent-scatter radars with multiple beams (Tsunoda & Ecklund, 2007) , and total electron content (TEC) derived from observations of low inclination orbital satellites (Tsunoda & Towle, 1979) , or newly data obtained from vertical and oblique HF sounding with a network of synchronize digisondes (Verhulst et al., 2017) .
In the midlatitude ionosphere, the occurrence of nighttime spread F is frequent, when compared with both high (≥60°) and equatorial (0°-±30°) latitude regions. Shimazaki (1962) studied the global latitudinal distribution of spread F. It was observed that the occurrence of equatorial spread F is limited to 20°latitude with maximum probability of occurrence at the equator, whereas the occurrence probability of high latitude spread F increases from 40°to 60°and maximizes above 60°. He also noted that high latitude spread F is more severe than equatorial spread F. The occurrence of spread F also exhibits a significant latitudinal and longitudinal variability both in equatorial and midlatitude regions (Singleton, 1968; Batista et al., 1986; Abdu et al., 1992; Bowman, 2001; Mwene et al., 2004; Earle et al., 2006; Bhaneja et al., 2009 ). Singleton (1968) observed clear latitudinal variations in spread F occurrence. He investigated seasonal and solar activity effects on spread F development with respect to latitude variation. Hajkowicz (2007) noted a sharp gradient of spread F occurrence along equatorward direction at the latitude range of 52°to 48°S. Huang et al. (2009) presented the longitudinal aspect on the occurrence of spread F using the IRI model which, unfortunately, provides lower accuracy over African and Indian low latitude stations due to limited data sources. Igarashi & Kato (1993) have carried out similar studies over different Asian longitudes. However, it is important to study the effect of longitudinal variability of spread F in conjunction to various mechanisms related with spread F development.
The present study aims to investigate the temporal variation of spread F statistics perhaps for the first time over low-to-midlatitude transition region covering the eastern Mediterranean longitude sector by employing Digisonde measurements at Nicosia (Cyprus) (geographic Lat: 35.19°N, Long: 33.38°E 2009, 2015 and 2016 . It is necessary to mention that 2009 was an extremely low solar activity year, whereas 2015 was relatively high and 2016 a moderate solar activity year. The two stations Nicosia and Athens lie almost along the same geographic latitude (the latitudinal difference between these two stations is ∼2.5°), whereas Pruhonice is situated further north. The three stations have significant differences in longitude as well. New observations of spread F and ionospheric signatures of relevant mechanisms that have been previously reported as instability drivers in the nighttime F layer over various time scales (e.g. diurnal, seasonal variations, solar activity etc.) in conjunction with latitudinal/longitudinal spread F characteristics are presented in this study. To study the effect of TIDs, the variation in vertical TEC from GPS was examined from three IGS stations namely NICO, NOAA and G0PE which are situated adjacent to Nicosia, Athens and Pruhonice ionosonde stations, respectively. The fluctuations observed in the vertical plasma drift velocity prior to onset of spread F signifies the presence of TID patterns in the nighttime F layer. The present study deals with such fluctuations as measured by Digisondes. A case study of 3rd August 2015 has been considered in order to investigate a nighttime midlatitude spread F event observed simultaneously over the three stations. Figure 1 shows the locations of the stations involved in the analysis and Table 1 gives the corresponding geographical and geomagnetic coordinates. In 2009, the yearly average sunspot number was 4.8 whereas the corresponding mean value of 10.7 cm solar flux (F10.7) was 70.5. In 2015, the yearly mean of sunspot number and F10.7 were 69.8 and 117.7 respectively. Similarly in 2016, the corresponding sunspot number and F10.7 were 39.8 and 88.8, respectively. Therefore data have been used corresponding to low, high and moderate solar activity levels.
The Nicosia digital Ionosonde DPS-4D (Reinisch et al., 2009 ) is fully operational since 2008 except for a few operational gaps. This state-of-art ionosonde performs autoscaling of all important characteristics in real time. A similar state-of-art ionosonde has been operating in the National Observatory of Athens, Greece since September 2000 and was (Beran et al., 2015) provides routine ionospheric measurements at the Pruhonice Observatory of Czech Republic every 15 min, except special campaigns with higher sampling rate. For the present study, data at 15 min resolution were used from all three stations. To examine TID activity prior to the onset of spread F, GPS TEC measurements from IGS stations at Nicosia, Athens and Pruhonice have been extracted. Perturbed TEC data from available satellites with 30s resolution and elevation angle greater than 20°have been analyzed to identify TID signatures prior to the onset of spread F. To study the effect of TIDs more extensively, the fluctuations observed in the vertical plasma drift velocity over the three stations have been considered with a 15 min time resolution. The TID activity detected from plasma drift velocity and from GPS TEC is designated as Vz-TID and GPS-TID, respectively in the following sections.
Results

Case study of 3rd August 2015
One of the most severe irregularities in the nighttime midlatitude ionosphere is the sudden development of spread F at different F layer altitudes. These irregularity structures are usually associated with large scale gravity waves (Bowman, 1990) , induced electromagnetic field alignment between the bottom of F layer and unstable Es layers (Tsunoda & Cosgrove, 2001; Haldoupis et al., 2003) and gradient drift and Perkins instabilities (Perkins, 1973) . The 15 min maps of TEC (TECU) over the European longitude sector spanning 10°W to 35°E from 21:00 to 23:15 UT on August 3, 2015 are presented in Figure 2a . 3rd August 2015 was a magnetically quiet day (Dst min ∼ 2nT) at a relatively high solar activity (SSN ∼ 61) phase. It can be observed that during 21:15 to 21:30 UT, the nighttime F region plasma density distribution was affected by irregularity distributions, which reappeared during 22:30 to 22:45 UT and could be related to spread F development over the European longitudes. As 3rdAugust 2015 was a magnetically quiet day, the sudden plasma depletion observed may indicate the generation of local irregularities under the influence of gravity waves which may originate from the lower atmosphere and trigger the instability at the bottom of the F layer (Huang et al., 2011) .The focus of the present paper is limited to three ionosonde stations of European longitude sector, namely, Nicosia, Athens and Pruhonice. The stations at Nicosia and Athens are situated at around 35°to 37°N latitude whereas Pruhonice is at higher latitude (∼50°N). On the 3rd August 2015, ionosphere above all three stations was affected by irregularities almost at the same time. Efforts have been made to examine possible mechanisms that could stimulate the development of spread F.
To visualize altitude changes due to the presence of irregularities (Oikonomou et al., 2014) individual 24-h height time intensity (HTI) plots have been produced for each station as shown in Figure 2b . HTI technique considers an ionogram as a snapshot of reflected plasma intensity as a function of height and Digisonde operating frequency, and produces a 3D plot of reflected signal-to-noise ratio in dB as a function of height for a certain time interval. Since the present study concentrates on the development of spread F, only HTI plots with 2.0-4.0 MHz frequency bins have been considered. The color indices represent the level of carrier to noise ratio (C/N 0 ) of the Digisonde received signal in dB. From Figure 2b , similar F region plasma distribution patterns could be seen around 300-350 km, as well as unstable Es layers during 22:00-2:00 UT at all three stations. The evidence of electrodynamic coupling between Es with F layer (Tsunoda & Cosgrove, 2001) may indicate that possibly similar triggering mechanism was behind the instability for spread F development in this particular case.
The sequence of recorded ionograms during 20:00 UT to 3:00 UT during 3rd-4th August, 2015 at the three stations are shown in the Figure 3a . The leftmost sequence of ionograms corresponds to Nicosia, the rightmost group to Pruhonice and the middle to Athens. As it is well established that ionosonde observations are sensitive to large scale plasma density irregularities with kilometer scale size, the progressive development of spread F on the ionogram traces implies the existence of such irregularities. The overhead ordinary (O) and extra-ordinary (X) polarization traces are designated in red and green color, respectively. From the sequence of ionograms recorded above Nicosia, a certain degree of frequency spreading in both O and X polarization of 1F trace is identified during 22:15-22:45 UT as shown in Figure 2a . The phenomenon clearly demonstrates the initiation of frequency spread F (FSF). However spread F was not fully developed possibly due to the absence of sufficient plasma irregularities. In Athens, range spread F (RSF) has been observed during 20:45 to 21:30 UT and then from 23:30 to 00:15 UT. Strong Es is also visible on the ionograms. The ionograms recorded over Pruhonice exhibit severe spread F from 21:30 to 3:00 UT. From Figure 3a , it can be noted that around 21:15 UT, irregularities were observed near Pruhonice, which could have initiated the generation of large scale irregularities. Gradually under the influence of vertical plasma drifts, these irregularity structures were uplifted to higher F layer altitudes and developed into FSF through altitude modulation. The signatures of LSWS on ionograms could be identified as STs and multi-reflected echoes (MREs), which in turn serve as precursory signatures for spread F development (Tsunoda, 2008) . The hypothesis for electric field coupling between F region and strong sporadic E (Es) prior to spread F evolution, and possible effects induced by gravity wave activity (e.g. TIDs, F layer uplift, coupling between Es and F layer etc), as an external instability driver in the F region was also examined from the point of view of possible excitation of the Perkins instability growth at middle latitudes. Local generated midlatitude irregularities have been associated with the Perkins instability (Perkins, 1973) .This hypothesis was further supported by studies of unstable Es layers that would electrodynamically couple to the F region and could give rise to F region instabilities faster than predicted, based on the Perkins instability mechanism (Tsunoda & Cosgrove, 2001; Haldoupis et al., 2003) . Earle et al. (2006 Earle et al. ( , 2008 reported LSWS acting as a decisive factor at midlatitudes in case of seeding the irregularity development at the bottom of the F layer during nighttime. The LSWS ionogram signatures indicating plasma upwelling at a distance from the ionosonde prior to the development of spread F are registered as STs and are manifested as a pattern of dynamically changing F region bottom tilt (McNicol et al., 1956; Tsunoda, 2008) . These appear as additional traces above and below the F layer trace and also its higher order echoes due to successive reflection of ionosonde energy from the ground. These represent off-angle echoes from the passage of electron density gradients at a distance from overhead ionosphere which continues to observe a typical overhead echo and have also been referred to in literature as observational precursors of RSF at equatorial latitudes (Lyon et al., 1961; Rastogi, 1977; Abdu et al., 1981) . Figure 3b shows examples of LSWS signatures (STs and MREs) (Tsunoda, 2008 (Tsunoda, , 2009 ) observed prior to the onset of spread F over the three stations. It can be noted that in Athens and Pruhonice, clear signatures of STs were observed around 18:45 to 19:15 UT and 19:30 to 21:45 UT, respectively. In Athens, the development of spread F was noted almost 90 min after the last ST was observed, whereas in Pruhonice, STs were present after the development of spread F. The reason why they are more clearly identified at lower frequencies is the ionosonde antenna gain profile, which is wider at lower frequencies. MREs have been reported as an additional observational signature of LSWS signifying plasma upwelling directly over the ionosonde such that the isodensity contour geometry would favor ionospheric reflection coefficient enhancement due to the constructive interference of signals from various directions. They appear as discrete highly tilted traces compared to F region traces indicating higher order multiple F layer reflections (Tsunoda, 2009 ) from a concave isodensity surface which may be centered over the ionosonde. Over Nicosia, LSWS signatures (STs, MREs) were visible from 18:15 to 19:00 UT whereas F trace spreading was identified around 22:15 UT.
A directogram is a Digisonde product which provides an alternative view of plasma irregularities drifting over the station and enables visualization of the distance and direction of such oblique irregularities by suppressing vertical echoes from ionograms. In the following section, directogram plots have been employed over Nicosia, Athens and Pruhonice during 18:00 to 00:00 UT on 3rd August 2015 to reveal the presence and signatures of LSWS over the three stations in conjunction with spread F development. Figure 3c displays the directogram from evening to midnight for 3rd August 2015. The x axis represents the time in UT from three stations. The directogram displays the distance of the irregularities to the west and east of the Digisonde. Blue directogram traces indicate plasma drift from west to east, and shades of red are used to represent drift in the opposite direction. The irregularities start after 18:00 UT (coinciding with the appearance of STs and MREs on ionograms). The distance of the irregularities reaches up to 650 km on both eastern and western directions indicating the development of irregularities over a wide range of longitudes. Both eastward and westward intense plasma displacement was clearly observed after 20:00 UT from Nicosia but this displacement appears after 22:00 UT at Pruhonice. The directogram at Athens shows no clear plasma motion, but between 20:00 and 21:00 UT, some unclear traces were present in Figure 3c indicating vertical plasma movement.
Diurnal and seasonal variability of spread F
The diurnal and seasonal spread F occurrence for an extended time period in the European region has not been studied adequately. Deminov et al. (2009) reported seasonal variability of nighttime spread F over Moscow during 1975 Moscow during to 1985 . It is important to mention that 2009 was a low solar activity year whereas high and moderate solar activity corresponds to 2015 and 2016, respectively. To observe the diurnal behavior of spread F, the data (combining the starting and ending times of spread F occurrences) have been categorized into 4 seasons namely spring (March-April), summer (May-August), fall (September-October) and winter (November-February). Figure 4a -c represents the seasonal behavior of spread F duration for 2009, 2015 and 2016 . The x axis represents the onset time of spread F between the time intervals of 16:00 UT to 06:00 UT of the next day and the y axis stands for the ending time of spread F between the time intervals of 16:00 UT to 06:00 UT of the next day. As was stated before, spread F observed in four different seasons is depicted by different colored dots. Red dots represent occurrence of spread F during spring, green dots for summer, blue for fall and yellow for winter. In Figure 4a , the number of green dots appears to be the highest followed by yellow and blue dots which signifies that over Nicosia, the occurrence of spread F maximizes during summer followed by winter and spring. A very limited number of spread F cases have been recorded during fall. Another interesting behavior that can be identified is that during winter the duration of spread F maximizes followed by summer and spring. In spring, maximum number of cases for spread F onset was observed during postmidnight periods whereas in summer and winter, the onset time is distributed all over the plot. In 2009 out of 102 spread F events, 50 were recorded during summer and 24 in winter. During 2015 out of 36 cases, 32 were noted in summer, and in 2016, out of 79 cases, 50 summer spread F cases were identified. In Athens, as is shown in Figure 4b , a significant number of spread F cases were observed during both summer and winter. During equinoxes (i.e. spring and fall) a significant number of spread F events occurred during all three years considered. A certain threshold value (∼18:00 UT) for the onset time of spread F can also be noted. The average duration of spread F peaks in winter followed by summer. Over Athens during 2009, out of 125 spread F cases, 74 were observed during summer and 22 in winter. In 2015 out of 60 cases, the number of summer spread F cases was 44 whereas in 2016 out of 86 cases, 59 were observed in summer. Thus, similar to Nicosia, the annual maximum of spread F occurrence in Athens was observed during summer followed by a secondary maximum in winter at low solar activity. Figure 4c presents the detailed description of diurnal and seasonal variability of spread F onset over Pruhonice. Over Pruhonice, the maximum number of spread F cases was observed during winter followed by summer. Deminov et al. (2009) observed the seasonal variability of spread F occurrence over Moscow which is around the same latitude as Pruhonice. During low solar activity it was observed that the maximum probability of spread F occurrence was during local midnight hours in winter. But the summer maximum of spread F events was almost absent in their findings. At high solar activity, the semiannual component of spread F occurrence was also observed during equinoxes. In equinox, for all three years, several spread F events were recorded. In Pruhonice, the maximum average duration of spread F is noted during winter followed by summer. In spring the average onset time for spread F was around 21:00 UT whereas during summer, it was around 18:00 UT. Over Pruhonice during 2009, out of 100 spread F events, 43 cases were recorded in winter and 41 cases in summer. In 2015, the number of spread F events notably increased to 155, among which 84 cases were recorded during winter with only 24 cases in summer. Finally in 2016, the total number of spread F events was 136 with 64 cases in winter and 44 cases in summer.
3.3 Effect of solar activity in spread F occurrence Liu et al. (2006) have studied effects of solar activity over ionospheric electron density (NmF 2 ) from SEM/SOHO measurement over a series of stations in east Asia/Australia. They found relationship between the solar flux with the diurnal variation of ionospheric electron density. In the present study, efforts have been carried out to investigate the solar activity dependency of midlatitude ionosphere over the European longitude sector in terms of sunspot number. presents the occurrence rate for different types of spread F with respect to the monthly mean sunspot number. The x axis shows the monthly sunspot mean whereas the monthly occurrence of spread F is shown in y axis. Four types of spread F have been observed in the recorded ionogram sequences form the three stations, namely: FSF shown by the black dots, RSF shown by red dots, range spread F evolving to RSF-to-FSF by green dots and the mixed spread F (MSF) by blue dots. In Figure 5a , the effect of solar activity on spread F occurrence over Nicosia is presented. It can be observed that the spread F occurrence maximizes for a sunspot number less than 20. A secondary maximum is also noted for FSF and RSF within a sunspot number range of 50-60. MSF is not visible frequently in this sunspot number range. In the case of Athens, a similar pattern to Nicosia can be identified. It is worth mentioning that during low solar activity, the monthly occurrence of RSF maximizes whereas during moderate solar activity, FSF is more frequent. Over Athens, moderate development of MSF has also been observed for both low and moderate solar activities. As shown in Figure 5c , it can be identified that in Pruhonice the opposite solar activity dependence is registered. Shimazaki (1962) observed a similar spread F dependence on solar activity at higher latitude regions. He reported that at locations with geomagnetic latitude over 60°, the occurrence of spread F maximizes during high solar activity. Singleton (1968) also observed intense spread F during high solar activity around 50°l atitude at midlatitude ionosphere. RSF development maximizes during low solar activity at Pruhonice, but unlike Nicosia and Athens, during high solar activity, RSF was present. Since 2015 was a high solar activity year with sunspot number 60-90, a significant number of RSF cases were noted. It is necessary to point out that during January 2015 (sunspot number ∼90) a high percentage of RSF were observed. FSF is dominant over midlatitudes during moderate solar activity. But for Pruhonice, the dominant occurrence of FSF persists even during high solar activity years (Singleton, 1968) . Deminov et al. (2009) reported from Moscow, which is situated around the same latitude with Pruhonice, the probability of spread F occurrence during winter and fall decreases significantly with increasing solar activity. However during summer, this relation is weaker than for winter and fall. The number of RSF-to-FSF cases was also distributed almost equally over the plot at all levels of solar activity which implies that in Pruhonice, this evolution seems to be independent of solar activity.
Monthly variation of different spread F types
The occurrence of nighttime midlatitude spread F has been well documented in the literature considering seasonal, solar and geomagnetic variability (Bowman, 1960 , Singleton, 1968 Rastogi, 1977; 1990; Huang et al., 2011) . In the present study, efforts have also been made to examine the monthly occurrence of different types of spread F. It can often be observed that in the nighttime midlatitude ionosphere, various mechanisms are considered as candidates to initiate instability conditions for the formation of irregularities at the bottom of F layer which develop into certain diffused irregularity traces termed as RSF. Due to enhanced vertical plasma drift, sometimes the generated irregularities move to higher altitudes and transport these irregularities near the F layer peak. This particular type is termed as FSF. Similarly for MSF events, the irregularity density spreads all over the F region. Particularly during the annual maximum period of spread F occurrence, a unique type of spread F evolution, termed RSF-to-FSF, often characterizes the midlatitude ionosphere. Under significant vertical plasma drifts, these plasma instabilities gradually dissipate towards higher F layer altitudes which in turn generate FSF during postmidnight periods. This pattern of spread F is termed as RSF to FSF. King (1970) identified this evolution indicating that FSF is the decay product of RSF. Figure 6a -i presents the monthly occurrence rate of different types of spread F observed over the three stations. In this figure, x axis represents the month of each year, and in primary y axis, the total number of days for each month recorded from the corresponding station is shown. In the secondary y axis, the number of observations for different types of spread F is presented, where the red column stands for FSF, green for RSF, blue for the RSF-to-FSF and yellow for MSF. Figures 7a-i 8a-i , 9a-i, 10a-i and 11a-i , illustrate the diurnal and monthly occurrence rate of overall spread F, FSF, RSF, RSF-to-FSF and MSF, respectively. In these figures, x axis shows the month of the year and the y axis shows the onset time of spread F in UT. The designated color bar represents the actual occurrence rate of spread F.
In Figure 6a , the monthly occurrence of different types of spread F over Nicosia is shown during 2009. Since 2009 was a low solar activity year, higher occurrence of spread F can be observed in summer followed by January. FSF appears more frequently around 21:00 UT to 00:00 UT during this year as shown in Figure 8a . In April, exceptionally high occurrence rate for each type of spread F is noted over Nicosia. In comparison, during fall, the number of spread F events was negligible. The monthly diurnal occurrence of spread F over Nicosia during 2009 is shown in Figure 7a . It can be observed that in April during 20:30 to 21:30 UT, maximum overall spread F occurrence (around 18 cases) were registered. Also in summer, higher rate of premidnight spread F (12-14 cases) are noted during 21:00 to 23:00 UT. In January, most of the spread F events were recorded during post sunset hours. Figures 6b and 7b present the monthly and diurnal occurrence rate of spread F types during 2015. During 2015, the reduced monthly occurrence rate for all spread F types can be attributed to high solar activity (Singleton, 1968) . Spread F was recorded mostly in summer during premidnight hours (∼20:00 UT to 00:00 UT) with maximum occurrence for RSF as observed in Figure 9 a-c. It is important to mention that the most frequent onset of RSF observed from Nicosia was around 21:00 UT (as shown in Figure 9a -c) during 2009 and 2016. In 2015, the RSF occurrence was limited mostly to summer. For the monthly diurnal occurrence it can be observed from Figure 7b that premidnight as well as postmidnight spread F appears during summer whereas during spring and winter, no spread F cases were recorded over Nicosia. As 2016 was a moderate solar activity year, the monthly spread F occurrence rate was higher compared to 2015 as expected. As shown in Figure 6c , the highest monthly occurrence rate for all spread F types is found in April 2016. In this year, RSF occurrence also maximized over Nicosia. From Figure 7c , it can be noted that most spread F events in summer were recorded during premidnight hours (∼22:00-23:00 UT). The occurrence rate of RSF-to-FSF maximized during summer and spring around 21:00 UT to 23:00 UT at low and moderate solar activity periods as shown in Figure 10a -c. In 2015, this spread F evolution was observed during summer. Figure 11a -c present the occurrence rate of MSF over Nicosia. From these figures, it can be noted that maximum MSF occurrence was observed during winter and spring of 2009 around 20:00 UT to 23:00 UT. Figures 7d-f , 8d-f, 9d-f, 10d-f and 11d-f depict the corresponding monthly diurnal variation of overall spread F, FSF, RSF, RSF-to-FSF and MSF, respectively. Since the latitudinal difference between Nicosia and Athens is negligible (∼2.8°), similar ionospheric behavior can be expected between the two stations. In 2009, a low solar activity year, the maximum occurrence of RSF was noted during summer around 19:00 UT to 20:00 UT, except for August. During all the equinoctial periods, a significant number of spread F cases were reported as shown in Figure 9d . During winter, spread F occurrence was lower above Nicosia station compared to summer. It can be noted from Figure 7d that during 2009 in summer, maximum number of spread F cases seems to exhibit a premidnight onset and spread F occurrence maximizes around 18:00 UT. The maximum premidnight FSF occurrence was also noted over Athens as shown in Figure 8d . Figure 9d indicates the maximum RSF occurrence during 2009 around 19:00 UT to 20:00 UT. In the equinoctial periods, spread F occurrence peaks around 22:00 UT. Figure 6e depicts monthly spread F development during 2015 (a high solar activity year) over Athens. It was observed that highest number of spread F events occurred in summer followed by winter peak. During this year no equinoctial spread F events were recorded over Athens. RSF seems to dominate during this period mostly during premidnight hours around 20:00 UT (Fig. 9e) whereas FSF was limited in June and July during the time interval 21:00 UT to 00:00 UT as shown in Figure 8e . In Figure 7e , it can be noted that a maximum number of spread F events were recorded during 21:00 to 23:00 UT for 2015 and a lower occurrence of postmidnight spread F was found during 2015. In 2016, solar activity was moderate. From Figure 6f , it is evident that the maximum number of spread F events was recorded in summer followed by spring equinox. In winter, spread F occurrence was lower compared to 2009 and 2015. Figure 7f represents the monthly diurnal variation of overall spread F occurrence. During 22:00-23:00 UT of summer solstice, maximum spread F occurrence (∼19) is evident from the Figure 7f . Also spread F primarily appears from April to August between 21:00 and 2:00 UT. Postmidnight spread F was observed mostly during summer. In 2016, a higher FSF occurrence rate was noted over Athens as shown in Figure 8f . Summer as well as spring was characterized by a high FSF occurrence rate during 22:00 to 2:00 UT. The occurrence rate of RSF was maximized around 22:00 UT to 23:00 UT, as shown in Figure 9f . Figure 6g , an annual maximum of spread F occurrence can be identified in winter, especially during January-February, and a secondary maximum appears during summer. In spite of a low solar activity, 2009 was characterized by a lower spread F occurrence. In 2009, during winter solstice the nighttime ionosphere was mostly characterized by FSF whereas in summer solstice RSF dominated. There is evidence from Figure 7g that during winter solstice, Pruhonice exhibits mostly premidnight spread F despite the fact that some spread F cases were noted just after the post-sunset periods. In summer solstice, the nighttime ionosphere exhibits both premidnight and postmidnight spread F. During 2015, maximum nighttime spread F occurrence is evident even at high solar activity. In this year, spread F was recorded during each night of January. Thus winter solstice was the primary annual maximum for 2015 dominated by FSF. During 2015, due to some technical difficulties some data gaps can be observed during summer solstice. From Figure 7h , it can be noted that most of the nighttime spread F throughout 2015 were observed before midnight. Maximum diurnal occurrence of spread F was identified during January around 19:00 UT. The monthly statistics of 2016 for Pruhonice are depicted in Figure 6i . The primary annual maximum dominated by FSF was observed during winter whereas in summer solstice RSF occurrence was significantly high. The monthly diurnal occurrence statistics is presented in Figure 7i . In this Figure, spread F onset was mostly observed during premidnight hours. Figure 8g -i depict the occurrence rate of FSF over Pruhonice. It can be observed that FSF dominated during winter. At high solar activity, FSF was frequently observed during summer and equinoxes. The RSF occurrence rate is presented in Figure 9g -i. A correlation between RSF occurrences and solar activity is clearly identified. Figure 10g -i show the occurrence rate of RSF-to-FSF. In 2015, high occurrence rate of RSF-to-FSF was recorded during winter around 18:00 UT to 19:00 UT followed by August around 20:00 UT to 21:00 UT. It can be observed from Figure 11g -i that MSF was mainly identified during January-February under low solar activity conditions (2009). Postmidnight MSF was also observed in summer during this year. When solar activity increased, the span of MSF occurrence was also extended (Fig. 11h, i) and mostly affected the premidnight ionosphere during the annual maximum of spread F occurrence in 2015 as shown in Figure 11h . In 2016, some postmidnight MSF events were also noted during January as shown in Figure 11i .
Simultaneous observations of spread F development over Nicosia, Athens and Pruhonice
EffortshavealsobeenmadetostudyspreadFeventsobserved simultaneously over Nicosia-Athens, Athens-Pruhonice and Nicosia-Athens-Pruhonice. Different aspects were examined corresponding to these events to identify their possible characteristics. As the longitudinal difference between Athens and Pruhonice is lower (∼9°) than the latitudinal difference, in order to study the latitudinal dependence, Athens and Pruhonice were considered as a separate pair. Figure 12a demonstrates simultaneous spread F occurrence over Nicosia and Athens. The x axis represents the year of observation, the primary y axis stands for the corresponding yearly sunspot number and the secondary y axis presents the total number of spread F observations from Nicosia (geographic Lat: 35.19°N, Long: 33.38°E geographic; Geomagnetic. dip: 29.38°N) and Athens (geographic Lat: 37.98°N, Long: 23.73°E geographic; Geomagnetic. dip: 34.61°N). The column with intense tilted pattern shows the number of spread F events observed over Nicosia, the weak tilted pattern column represents spread F over Athens and the column that contains vertical lines presents the number of common spread F occurrences between Nicosia and Athens, respectively. It is important to mention that during 2009, the yearly mean value for 10.7 cm solar flux (F10.7) and sunspot number were 70.5 and 4.8, respectively which implies that the solar activity in this year was minimized. In 2009, 47 common (onset of spread F at the same time interval observed over Nicosia and Athens) were noted. In 2015 and 2016, the yearly mean values for 10.7 cm solar flux (F10.7) were 117.7 and 88.8 and yearly sunspot number were 69.8 and 39.8, respectively. 16 common spread F cases were found over these two stations in 2015 (a high solar activity year) and during 2016 (a moderate solar activity year), 37 common nighttime spread F events were observed over these two stations, respectively.
Nicosia-Athens
In an effort to understand the plasma dynamics of the instability mechanisms behind the common nighttime spread F events observed over the two stations with almost 10°l ongitude difference further analysis was performed. Figure 13a -c represent seasonal statistics of various signatures observed at ionospheric F layer as possible triggering mechanisms for spread F occurrences. The x axis represents month, primary y axis shows the number of common spread F events observed over Nicosia and Athens corresponding to each month, and the secondary y axis the number of common parameters responsible for the initiation of instability mechanism and precursors as observed over both stations prior to the onset of common spread F events. The red column represents Es occurrence and thereby signifies the electrodynamic coupling between Es and F layer prior to a spread F event, green column stands for LSWS signatures prior to spread F, blue for GPS-TID signatures, magenta for Vz-TID signature and finally yellow for F layer uplift observations. Figure 13a depicts the combined scenario of Nicosia and Athens during 2009. It can be noted that during summer, especially in June and July, maximum common spread F events were observed over these two stations. During this period almost one-to-one correspondence is noted for spread F events with nighttime Es layer. Also LSWS, either in the form of STs or MREs is observed as precursors prior to the onset of most of the common spread F events over Nicosia and Athens. It is important to note that during summer; almost all types of signatures were detected over both stations before the onset of spread F. During equinox, maximum occurrence of Vz-TIDs was observed prior to spread F onset over both stations. During winter, occurrence of GPS-TID signature was more prominent prior to spread F generation. In 2015, common spread F events were mostly observed during summer and similar to 2009; electrodynamic coupling between Es and F layer appeared very frequently. LSWS signatures were also quite evident during summer, and during June to August; Vz-TIDs were frequently observed prior to spread F occurrences over both stations. 2016 was a moderate solar activity year. During this year, common spread F events were observed in both summer and spring. For the summer solstice, the presence of electrodynamic coupling followed by Vz-TIDs and subsequent GPS-TIDs were noted before spread F. LSWS signatures were also frequently noted. During spring, GPS-TIDs and F layer uplifts were also observed prior to the onset of common spread F. In winter Vz-TIDs were noted before the onset of common spread F events. Figure 12d represents the number of common spread F events observed from Athens (geographic Lat: 37.98°N, Long: 23.73°E geographic; Geomagnetic. dip: 34.61°N) and Pruhonice (geographic Lat: 50.05°N, Long: 14.41°E geographic; Geomagnetic. dip: 47.70°N) during 2009 (a low solar activity year), 2015 (a high solar activity year) and 2016 (a moderate solar activity year), respectively. 13 common spread F events were noted from Athens and Pruhonice during 2009. In 2015 and 2016, the numbers of common spread F cases were 8 and 11, respectively. Figure 13d -f depict the effects of various parameters responsible for the initiation of instability mechanism and precursors observed frequently prior to the onset of common spread F over Athens and Pruhonice. From Figure 13d -f, it is clearly observed that during low solar activity, most of the common spread F events between Athens and Pruhonice took place during summer solstice. During this time of the year, the effect of electrodynamic coupling was most evident before common spread F events followed by Vz-TIDs and F layer uplifts. LSWS as a precursor is also noted during summer. During winter solstice, significant effects of GPS-TIDs, Vz-TIDs and F layer uplifts were observed before the onset of common spread F events from Athens and Pruhonice. Figure 12c depicts the composite picture of common spread F events observed along with the individual spread F cases from the three stations, Nicosia, Athens and Pruhonice during 2009 (a low solar activity year), 2015 (a high solar activity year) and 2016 (a moderate solar activity year). In 2009, no common spread F events were found over Nicosia, Athens and Pruhonice respectively. 3 common spread F events were noted from Nicosia, Athens and Pruhonice in 2015. During 2016, 6 common spread F cases were found over the three stations.
Athens-Pruhonice
Nicosia-Athens-Pruhonice
The statistics of the contribution of different parameters responsible for the initiation of instability mechanism and precursors observed frequently prior to the onset of common spread F events from Nicosia, Athens and Pruhonice are shown in Figure 13g , h during 2015 and 2016. From Figure 13g , most of the common spread F events for 2015 were noted during summer especially in August and one-to-one correspondence was observed between the electrodynamic coupling of Es and F layer with common spread F occurrence. Vz-TIDs and F layer uplift were also noted during summer. LSWS as a precursor to spread F was also present with one-to-one correspondence in the common spread F events. During February, only Vz-TIDs were noted before the onset of common spread F events. During 2016, most of the common events were noted in the summer. LSWS showed good correspondence as a precursor to the common spread F events. For the only common spread F event observed in January, Vz-TID was present. The maximum effect of the parameters responsible for initiating instability prior to the common spread F events observed during April was F layer uplifts followed by Vz-TIDs.
Discussion
This paper presents the fundamental morphological aspects of nighttime spread F development considering different spread F types and spread F dependencies on solar activity, diurnal and seasonal variations over three European stations Nicosia (geographic Lat: 35.19°N, Long: 33.38°E geographic; Geomagnetic. dip: 29.38°N), Athens (geographic Lat: 37.98°N, Long: 23.73°E geographic; Geomagnetic. dip: 34.61°N) and Pruhonice (geographic Lat: 50.05°N, Long: 14.41°E geographic; Geomagnetic. dip: 47.70°N) during 2009 (a low solar activity year), 2015 (a high solar activity year) and 2016 (a moderate solar activity year). To investigate the distinct effects of latitudinal and longitudinal variations, common spread F events were selected between NicosiaAthens and Athens-Pruhonice stations. Different signatures and precursors, which appear prior to the triggering of instabilities in the bottom of F layer observed over both station pairs simultaneously, prior to the onset of common spread F events, and have been studied statistics have been compiled for the analyses. Several authors have studied the development and distinct features of nighttime midlatitude irregularity types (Singleton, 1968; Rastogi, 1977; Fejer & Kelley, 1980; Bowman, 1984; 1986; 1988a; 1988b; 1990; Haldoupis et al., 2003; Huang et al., 2011) . Perkins and gradient drift instabilities are considered to be the most probable mechanisms for the generation of nighttime midlatitude irregularities. But only these irregularity mechanisms are not sufficient to support spread F development in accordance with the observations. The background neutral density of the nighttime ionosphere also affects the generation mechanism of spread F events. Kotake et al. (2006) showed a semiannual variation of neutral density with solar activity. Hines (1960) suggested an inverse correlation between gravity wave activity and neutral density distribution over midlatitude ionosphere. Perkins instability (Perkins, 1973) also involves an inverse association with neutral density. These factors indicate that for high neutral densities, lower rate of plasma density perturbation would take place in the F layer, which in turn reduces the probability of TID generation and also affects significantly the development of spread F events . To analyze the observations, various signatures have been identified in the literature which may initiate the instability mechanisms, as well as accelerate the irregularity generation process. Among those, the major mechanisms that mostly affect the nighttime ionosphere over the midlatitude region are: (1) the electrodynamic coupling between Es and F layer which significantly affects the Es layer perturbation and creates a large positive feedback polarization electric field, mapping with a direction of NW to SE from the E layer to bottom of F layer. This in turn amplifies the instability perturbation and accelerates irregularity generation (Haldoupis et al., 2003; Cosgrove & Tsunoda, 2004; Cosgrove, 2007) . (2) gravity waves also play a dominant role as a driving mechanism. It can be observed that a wave driven density perturbation affects the bottom of the F region and causes initiation of the instability mechanism. Subsequently, the irregularities generated from instability mechanisms overlap with large scale horizontal and vertical density gradients that develop from gravity waves in the background ionosphere and give rise to spread F (Bowman, 1990 (Bowman, , 1991 . (3) Swartz et al. (2002) suggested F layer uplifts (h 0 F) associated with TIDs that can also drive the instability mechanism at the bottom of the F layer and may lead to irregularity generation and spread F.
The diurnal variation of the nighttime spread F occurrence has been investigated in detail over the three stations. As discussed in Figure 4a -c, the diurnal variation of nighttime spread F observed over Nicosia and Athens during 2009, 2015 and 2016 clearly shows a similar trend which may imply that for these two low midlatitude stations, the variation of nighttime ionosphere is significantly correlated. On the other hand Pruhonice is situated at higher latitude (50.05°N). A distinct difference can be noted in the diurnal spread F variations observed over Pruhonice mostly in winter, especially in the months of January and February. Bowman (1960) studied the diurnal variability of different types of spread F from Brisbane and Townsville (Lat: 19.6°S, Long: 146.8°E geographic: geomagnetic Lat: 41.36°N) and identified a peak of RSF occurrence around midnight, which is also depicted in the present study. In case of FSF events, a peak just before sunrise was identified by Bowman (1960) which supports the results of FSF diurnal variability shown in the present paper. Bhaneja et al. (2009) studied the seasonal and solar cycle variation of midlatitude spread F from Wallops Island (Lat: 37.95°N, Long: 284.53°E geographic: geomagnetic dip: 67.5°) and have recorded long duration spread F events during winter of low solar activity periods. Singleton (1968) reported the annual maximum of spread F occurrence during winter around the geographic latitude of 50°N. During winter, in the higher midlatitude ionosphere, early sunset can be noted which in turn introduces a sudden downward excursion of vertical plasma drift of F layer, and initiates the instability mechanism at the convergence of Es and F layers. During post sunset hours, in the presence of NW to SE coupled electric dynamo and Earth's magnetic field, a horizontal movement of plasma density has often been observed which eventually uplifts the irregularity distributions to higher altitudes and FSF develops. In the postmidnight periods, the decay rate of these nighttime irregularities are reduced due to high alignment between magnetic field lines of nighttime F layer with the sunset terminator which in turn elongates the diurnal extent of nighttime spread F observed in the higher midlatitude regions. Upadhayaya & Gupta (2014) observed spread F events with extended duration (∼18:00-08:00 LT) in high solar activity period from the Indian longitude sector. The occurrence of nighttime spread F exhibits clear solar cycle dependence (Bowman, 1960; Singleton, 1968; 1998 , 2001 Wang et al., 2010) . Bowman (1998) related sunspot number with nighttime midlatitude spread F occurrence rate. It can be observed from Figure 5a , b that spread F occurrence clearly shows an inverse correlation with sunspot number which is well established in the literature (Singleton, 1968; Bowman, 1998; Bhaneja et al., 2009) . But from Figure 5c , positive correlation between the occurrence of nighttime spread F and sunspot number was noted from Pruhonice. These results clearly show that solar activity affects the occurrence of nighttime spread F at higher midlatitudes. Singleton (1957) suggested this inverse solar activity dependence over the probability of spread F occurrence rate at higher midlatitudes to originate from auroral activity. Also during high solar activity, the occurrence rate of FSF maximized compared to RSF over Pruhonice. Singleton (1968) reported a higher occurrence of spread F at higher midlatitude regions (around 50°N) during high solar activity compared to low solar activity periods. According to that study, the temporal variation of FSF occurrence advances with geomagnetic latitude in a way equivalent to high solar activity. During high solar activity, the nighttime irregularity generation at lower midlatitudes reduces significantly due to the presence of high upper atmosphere neutral particle density, which in turn imposes a negative influence over the wave amplitude of TIDs and reduces the triggering effect for nighttime irregularity generation (Bowman, 1960) . Chapagain et al. (2009) performed radar observations from 1996 to 2006 over post sunset equatorial spread F irregularities from Jicamarca (Lat: 12°S, Long: 283.2°E geographic: geomagnetic Lat: 1.14°N). They observed that the average onset height of spread F events intensified significantly with solar activity but the onset time of spread F events showed no dependence over solar flux. It can be suggested that during higher solar activity periods, the generation of midlatitude irregularities reduces significantly. The disturbances initiated by auroral activity and created in the polar region due to Auroral Electrojets (AEs) may affect subauroral regions and initiate large scale TIDs which may propagate equatorward during post sunset hours (Hajkowicz, 2016 and the references therein).
The seasonal variability of nighttime midlatitude spread F has been reported by several authors (Singleton, 1968; Bowman, 1998; Bhaneja et al., 2009; Deminov et al., 2009; Amabayo et al., 2011) . Singleton (1968) suggested that FSF occurrence maximizes around 40°to 50°in latitude, whereas RSF dominates between 45°to 55°. Chen et al. (2011) observed that the rate of nighttime spread F maximized over the Chinese midlatitude sector during summer. Similarly, by using ionosonde measurements around American, Pacific and Southeast Asian latitudinal regions, Li et al. (2011) noted that the occurrence rate of midlatitude spread F maximized during midnight to postmidnight hours during June solstice, especially at solar minimum. However, they did not observe any GPS TEC fast fluctuations, which verified the absence of GPS scintillations in the postmidnight ionosphere during low solar activity periods. Zhang et al. (2015) studied the effect of postmidnight spread F in terms of Quasi Frequency (QF) and GPS scintillations from Sanya (Lat: 18.34°N, Long: 109.42°E geographic: geomagnetic Lat: 22.67°N), and suggested that in the equinoctial periods, the postmidnight ionosphere would equally be affected by QF and GPS scintillations due to the presence of both small scale (∼400 m) and large scale (∼several kilometers) irregularities. But during June solstice, the postmidnight ionosphere is mainly affected by TIDs and Es activity, which in turn maximizes the probability of spread F occurrence. Lambert (1988) studied the disturbance pattern of midlatitude ionospheric F layer from Johannesburg (Lat: 24.04°S, Long: 28.06°E geographic: geomagnetic Lat: 47.72°S) and Hermanus (Lat: 34.25°S, Long: 19.13°E geographic: geomagnetic Lat: 51.03°S). It was observed that the disturbance probability in the nighttime midlatitude ionosphere minimized during autumn (8%) which is in agreement with the results reported in this paper. The annual maxima of spread F during winter was identified followed by secondary maxima during summer. Amabayo et al. (2011) also analyzed spread F occurrence over Grahamstown (Lat: 33.32°S, Long: 26.5°E geographic: geomagnetic Lat: 50.41°S) and Madimbo (Lat: 22.38°S, Long: 30.88°E geographic: geomagnetic Lat: 46.67°S) and reported that the diurnal occurrence of spread F increases mostly around 23:00-24:00 UT and the seasonal peak of spread F occurrence around winter. It can be noted that over both Nicosia and Athens, the occurrence rate of nighttime spread F maximized during the summer irrespective of solar activity followed by a secondary maximum either at winter or at spring which may signify solar cycle dependence. During 2009, over Nicosia and Athens, FSF dominated, which may indicate the presence of strong coupled electric field and horizontal plasma drift velocity shearing mechanism to explain transport of nighttime irregularities to higher F layer altitude which evolved into FSF. In 2015 and 2016, during high and moderate solar activity, RSF dominated. Surprisingly in the case of Athens, the effects of frequency spreading dominated with range spreading in 2016 whereas in 2009 and 2015, the nighttime ionosphere was mostly affected by RSF events. These statistics suggest that types of spread F observed may depend on the instability induced by unstable Es layers, which eventually couple to the bottom of F layer and play a decisive driving role to initiate large scale irregularity distributions as well as boost the coupled NW to SE electric field structures. This in turn control spread F development (Herman, 1966; Yokoyama et al., 2009 ). Deminov et al. (2009 and the references therein) have noted the probability of occurrence of nighttime spread F over higher midlatitude ionosphere of the European longitude sector and found that during winter solstice spread F occurrence maximizes followed by a semiannual summer maximum (Singleton, 1968) . In the present paper, the occurrence of nighttime spread F has been studied for high midlatitude station Pruhonice (geographic Lat: 50.05°N, Long: 14.41°E geographic; Geomagnetic. dip: 47.70°N) also. The present analysis shows that the annual maxima for nighttime spread F occurrence over Pruhonice is normally observed during winter irrespective of solar activity, as observed by Singleton (1968) . Secondary maxima of nighttime spread F occurrence may exhibit solar cycle dependence and is observed during summer solstices during low and moderate solar activity and during spring at high solar activity. At annual maxima of nighttime spread F, FSF dominates over Pruhonice, whereas during secondary maxima, RSF was noted to be prominent. These statistics suggest that during winter, the irregularity distributions mainly affect the higher altitudes of F layer. Bhaneja et al. (2009) observed that during maximum solar activity, the effect of frequency spreading is more frequent possibly due to auroral activity, which implies that the irregularity distributions may flow from polar to the sub auroral regions when the effects of driving mechanisms in the nighttime midlatitude ionosphere diminish. However these findings require further investigation, which may indicate the interaction between higher midlatitude and auroral irregularity distributions under quiet magnetic conditions. After the post sunset period, the instability mechanisms are initiated at the bottom of the F layer and generate irregularities that develop into range spread F. Gradually during postmidnight hours, in the presence of upward plasma drift, these irregularities may drift from the F layer bottom to higher altitudes. Thus the trace of RSF may evolve into FSF mostly observed during postmidnight periods as shown in Figure 10a -i. It can be seen from this figure that this type of spread F is only observed when the duration of spread F lasts up to postmidnight hours and mostly during the annual maxima period of spread F.
The longitudinal and latitudinal dependence of spread F generation has been well studied in the literature (Shimazaki, 1962; Singleton, 1968; Rastogi, 1977; Mwene et al., 2004; Hajkowicz, 2007; Bhaneja et al., 2009; Huang et al., 2011) . Singleton (1968) investigated the seasonal variability of spread F with solar activity over a wide latitudinal extent. He observed three main regions with high irregularity occurrences, namely, equatorial region up to 40°, high latitudinal region (≥70°) and higher midlatitude region (>50°). Hajkowicz (2007) observed a global pattern of enhanced spread F activity during June solstice from the Japanese longitude sector.
Gravity waves are considered one of the important driving mechanisms for midlatitude spread F. Since gravity waves originate primarily in the lower atmosphere, different meteorological conditions have been clearly observed over gravity wave formation. Huang et al. (2011) Figure 13a -c that the electrodynamic coupling between Es and the bottom of F layer, acting to initiate the instability mechanism responsible for spread F development, is significant. LSWS signatures were noted as precursors to these common spread F events observed over both Nicosia (geographic Lat: 35.19°N, Long: 33.38°E geographic; Geomagnetic. dip: 29.38°N ) and Athens (geographic Lat: 37.98°N, Long: 23.73°E geographic; Geomagnetic. dip: 34.61°N). Table 2 presents an overview for various signatures observed prior to the onset of common spread F events. It can be concluded that during 2009 and 2015, the main mechanisms were the electrodynamic coupling between Es and F layer followed by F layer uplifts which may be influenced by wave amplitude patterns normally observed in the nighttime midlatitude ionosphere (Hines, 1963) . Harman (1966 and the references therein) suggested that the peak occurrence of spread F during evening hours may have a direct correlation with F layer uplift and a large amplitude shift in F layer uplift (Dh 0 F max ) may take place. Also spread F development may exhibit a certain time lag with respect to maximum F layer uplift. Bowman (2001) observed the dependence of F 2 layer height on the presence of TIDs in the midlatitude nighttime ionosphere from different latitude regions and concluded that F layer uplifts associated with spread F development and TIDs can be found from the equator to auroral region as a driving mechanism for instability generation in the nighttime ionosphere. To investigate the effect of nighttime TIDs over spread F occurrence, Shiokawa et al. (2003) studied the statistical features of nighttime TIDs using 630-nm airglow images from two midlatitude stations in the Japanese longitude sector during 1998-2000. They observed that the occurrence rate for both TIDs and spread F events were quite similar and had a major peak during summer solstice followed by a minor peak in winter. Lee & Chen (2015) and Bowman (2001) also observed a similar behavior of nighttime TID patterns from Chung-Li (Lat: 24.97°N, Long: 121.2°E geographic: geomagnetic Lat: 33.14°N). It has been suggested ) that the secondary peak of TID activity observed in winter could be attributed to the higher probability of Es development during summer over Australian longitudes. Southeastward and equator ward propagation has also been noted for nighttime TID events (Behnke, 1979; Evans et al., 1983; Shiokawa et al., 2003) for all seasons which may not be described in terms of gravity waves. The Perkins instability mechanism may control this direction of propagation (Shiokawa et al., 2003) of nighttime TID patterns. Almost one-to-one correspondence was found between the spread F occurrences with LSWS, as a precursor. In 2016, Vz-TID and GPS-TID activity dominate over the nighttime ionosphere of Nicosia and Athens before the onset of common spread F events. Kotake et al. (2006) observed a major peak of nighttime TID activity for European longitude sector during summer whereas the maximum spread F occurrence was noted in winter. Opposite scenario was observed in the American longitude sector. Thus the authors demonstrated the latitudinal variation of nighttime TID events and suggested that the difference between TID activity and spread F occurrence was observed due to the variability of spatial scale sizes of irregularity distributions detected by GPS TEC and the source of spread F events. To observe nighttime TID activities, Chen et al. (2011) studied the amplitude fluctuations with respect to background TEC exceeding 1% from Sanya. Ding et al. (2011) also found similar nighttime TID patterns at Wuhan station (Lat: 30.5°N, Long: 114.4°E geographic: geomagnetic Lat: 20°N), which is situated along the same longitude as Sanya station. LSWS occurrence reduced in 2016 for common spread F events. To study the latitudinal dependence of nighttime midlatitude spread F occurrence, ionograms from Athens and Pruhonice have been used. From Table 1 , it can be noted that these two stations have 13°latitudinal separation whereas longitudinally the separation is around 9°. It can be observed that during low solar activity conditions, the electrodynamic coupling between Es and F layers serves as the main instability mechanism, whereas during high solar activity periods, the effect of Vz-TIDs and F layer uplift dominates the nighttime ionosphere prior to the onset of common spread F events. During 2016, significant F layer uplift was noted prior to the onset of common spread F events observed over Athens and Pruhonice. Surprisingly, LSWS was not dominant for these spread F events. The annual maximum was observed at Pruhonice in winter contrary to Athens, where it is during summer. For Pruhonice, spread F occurrence has a direct correlation with solar activity whereas for Athens an inverse correlation exists. On the other hand, almost similar characteristics have been noted between Nicosia and Athens. Common spread F events observed over Nicosia, Athens and Pruhonice were also considered. From Table 2 , the effects of electrodynamic coupled electric fields between Es and F layer, Vz-TIDs and the F layer uplifts have been noted prior to common spread F events. Overall, it can be concluded that the nighttime ionosphere of the higher midlatitude European sector has different characteristics than the lower midlatitude region. Further studies are required to clarify such differences observed in the spread F occurrence rate and the impact of mechanisms responsible for initiating instabilities over different midlatitude sectors.
Conclusion
The present study deals with the occurrence rate of nighttime spread F events and their diurnal, seasonal and solar cycle variations observed from three stations in the European longitude sectors (Nicosia, Athens and Pruhonice) during 2009, 2015 and 2016. The latitudinal and longitudinal variation of spread F occurrence was examined by considering different instability triggering mechanisms and precursors. The main findings are summarized as follows: -the occurrence of spread F with extended diurnal period was obtained during winter at all three stations involved in the analyses. It may be suggested that due to a close alignment between sunset terminator with the local magnetic field lines, the decay rate of postmidnight irregularity distributions may reduce significantly in the F layer which in turn may allow diffused pattern of plasma density to persist in the F region for extended periods; -a clear inverse correlation was observed between the occurrence rate of spread F events with solar activity at lower midlatitude regions (<50°N), as is well established inliterature (Singleton,1968; Bowman,1998; 2001; Bhaneja et al., 2009 ). But at higher midlatitude regions (>50°N), the exact opposite phenomenon is noted. In Pruhonice (situated beyond 50°N) the occurrence rate of spread F events increases with solar activity (Singleton, 1968) ; -the annual maxima of spread F occurrence over the lower midlatitude region (<50°N) are found during summer solstices and are independent of solar activity (Huang et al., 2011) followed by a secondary maximum, which depends on solar activity. During high solar activity, no secondary maxima were detected, whereas during solar minimum, the secondary maximum was observed during winter. At moderate solar activity, it shifted to spring; -at higher midlatitude regions (>50°N), the annual maximum of spread F was noted in winter irrespective of solar activity whereas secondary maxima were observed during summer solstices at low and moderate solar activity, and shifted to spring during high solar activity; -during high solar activity, nighttime F region of the lower midlatitude regions is mostly affected by RSF events, whereas FSF plays the dominant role at higher midlatitudes (Singleton, 1968; Bhaneja et al., 2009 ); -longitudinal variation in spread F events observed between Nicosia and Athens was insignificant. Most probably the main instability triggering mechanisms were the electrodynamic coupling effect between Es and the bottom of F layer, and the F layer uplift (h 0 F). LSWS signatures were notably observed from both these regions; -latitudinal differences in spread F events were very prominent between Athens and Pruhonice (Singleton, 1968) . The main instability triggering mechanisms were Vz-TIDs and F layer uplifts (h 0 F). Prominent impact of the electrodynamic coupling between Es and F layer was also noted during low solar activity to initiate the instability at higher midlatitudes.
